ABSTRACT Image mapping spectrometer (IMS) is a hyperspectral imager that can obtain the spatial and spectral information of an object simultaneously in real time. The cross talk on the pupil array plane results in degradation of the final image contrast, the reduction of the detector dynamic range, and the aliasing of the spatial-spectral information. This paper presents a novel approach to designing an image mapper that can be used in IMS to reduce cross talk between adjacent sub-pupils. To verify the proposed method, an imaging model based on scalar diffraction theory is derived and computer simulations are conducted to evaluate the improvement that is realized compared with the original method. In addition, image mappers designed by both the proposed approach and the original approach are fabricated. The simulation and experimental results show that there is a reduction of about 30%-70% in the cross talk obtained using the novel image mapper, which proves that the proposed approach is effective and has advantages in improving the data quality of the IMS.
I. INTRODUCTION
The image mapping spectroscopy (IMS) is a kind of snapshot hyperspectral imaging technique whose advantages include having no scanning part, high temporal resolution, high optical throughput, a compact and compatible structure, and a simple data post-processing and reconstruction method [1] , [2] . It was invented by Rice University in 2009 [3] . In recent years, the applications of IMS include the areas, such as microscopy [4] - [7] , imaging endoscopy [8] - [11] and remote sensing [12] , [13] .
The IMS utilizes a custom image mapper and a prism array to redirect and disperse an object's three-dimensional (3D) datacube (1D spectral information and 2D spatial information) to a 2D detector for parallel acquisition. The image mapper is an array of long microfaceted mirrors with 2D tilt angles. To realize high spatial sampling, the image mapper is custom-made with narrow strip facets [14] . Moreover, for the shared collecting lens used in the IMS, the pupil array plane is arranged closely, which makes the entire system compact. Meanwhile, its compact nature results in cross talk on the pupil array plane, which leads to the leakage of light from sub-pupils into adjacent sub-pupils. The cross talk causes the occurrence of ghost images in the void space between the adjacent images lines, which results in spectral information distortion and the degradation of reconstructed spectral images [4] . Therefore, it is necessary to reduce the cross talk in the IMS. The usual methods employed to reduce the cross talk include utilizing a pupil aperture mask on the pupil array plane, improving the image mapper's surface quality and increasing the separation of sub-pupils [4] , [14] . However, these methods all have limitations. The pupil mask used in the system reduces the light throughput. Moreover, it is impossible to separate the sub-pupils sufficiently to ensure the compactness of the system structure. Besides, the quality of the mirror facets is subject to the limitations of manufacturing technology.
In this paper, a novel design approach of the mirror tilt angle of the image mapper is proposed. The proposed method leads to a new pupil distribution on the pupil array plane to reduce the cross talk. It can double the separation between adjacent sub-pupils compared with the original one without any marked increase in the size of the pupil array. This approach can achieve a lower cross talk level than the original one. At the same time, it ensures the compactness of the system.
II. GENERAL PRINCIPLE AND IMAGE MAPPER STRUCTURE
The snapshot IMS is consists of a fore optics and imaging spectrometer, as illustrated in Figure 1(a) . The aperture stop and the lens L1 compose the telecentric fore optics, which makes the principle rays are parallel to the optical axis. The image mapper is placed on the conjugate image plane. The tilt angles of mirror facets on image mapper is described in Figure 1(b) . In the imaging spectrometer, the collimating lens L2 collects the reflected light from each mirror and transmits each image mapping to the pupil plane forming an array of subpupils. Next, the light is dispersed by a prism and the dispersion light is converged onto the sensor by an array of lenses L3. In the IMS, the image mapper divides the primary image and reflects the mapped sliced image lines toward different directions depending on each of the normal vector of the mirrors. The dispersive prism should be arranged in the array correspondingly [3] .
III. IMAGING MODEL FOR THE IMS
As described in Figure 1 , we established the imaging model of the IMS. The transfer function of each optical element is developed. The impulse response function (IRF) and the light intensity distribution on each plane is derived based on the scalar diffraction theory [15] . The results are presented in Table 1 , and the derivation processes are specified in the appendix. All of the optical elements are assumed to be ideal, which means that the light wave propagation in each element is not considered in this model.
IV. CROSS TALK AND OPTIMIZATION DESIGN OF IMAGE MAPPER
The cross talk is the light that leaks into the adjacent subpupils on the pupil array plane, which can cause the degradation of the final image contrast, the reduction of the detector dynamic range and the aliasing of the spatial-spectral information [4] , [14] , [16] . According to the IRF formula on the pupil array ((10) in the appendix), the cross talk results from the function sinc[(bξ )/(2λf 2 )] and the Fourier transform of h(x i1 , y i1 ; x o , y o ). The sinc function is the result of the diffraction obtained from the width of each narrow mirror facet. The Fourier transform of h(x i1 , y i1 ; x o , y o ) results from the diffraction of the aperture stop of the fore optics. As a result, the x-axis is susceptible to the cross talk. In addition, the mirror facet error and scattering etc. will increase the cross talk.
The cross talk of the sub-pupil mc is defined by the followed formula.
where I m c p and I mc p is defined as followes, t mc is the pupil function of the single sub-pupil that was measured, and is defined by,
where (ξ mc , η mc ) is the center position of the sub-pupil m c . I p is defined by the Eq. (11) in the appendix. Because the intensity of the cross talk becomes weaker with increasing distance from the center, the original method employed to reduce the cross talk involves increasing the center distance between adjacent sub-pupils. However, this approach is limited based on the compact structure of the system. Another method is to put an aperture array mask at the pupil array plane to prevent partial light from leaking into the neighboring subpupils. Meanwhile, the mask reduces the light throughput, which reduces the signal-tonoise ratio (SNR) of the final data. To reduce the facet error and scattering, it is also useful to improve the machining quality of the mirror facets. Nevertheless, although these methods decrease the cross talk markedly, the cross talk in practical instruments is still about 5 %-10 % [14] .
The original arrangement of the mirror tilt angles causes the pupil array to be aligned in both horizontal and vertical directions, which is illustrated in Figure 2(a) . Therefore, the cross talk leaks directly into the neighboring sub-pupils. For example, the No. 1 sub-pupil in Figure 2 (a) receives the cross talk from sub-pupils No. 2 and No. 3. A novel design approach for the image mapper is to redesign the 2D tilt angles of the mirror facets to make the arrangement of the pupil array become non-aligned, which is illustrated in Figure 2 (b). This novel design approach creates the adjacent sub-pupils split-level, which causes the light intensity distribution of each sub-pupil to be diffused in the empty space between the adjacent sub-pupils in the vertical direction. The distance between the relative adjacent sub-pupils is almost twice as large as the original one without influencing the compactness of the system structure. 
V. SIMULATION ANALYSIS
This section presents computer simulations that were performed to test the novel image mapper compared with the original one. We simulate the light intensity on the pupil array plane based on (10) and (11) . The imaging simulation was performed using MATLAB [17] . The parameters of the system in the simulation are shown in Table. 2. The diameter of the aperture stop (represented by D ape ) of the fore optics was chosen as 1 mm, 2 mm and 3 mm. To ensure that the center distance remains twice as large as the sub-pupil diameter in the original one, the tilt angle of the mirror facet was adjusted. The Airy diameter of the fore optics was about 80.5 µm, 40.3 µm, and 26.8 µm, respectively. To satisfy the sampling theorem, the parameters of the mirror facet are as shown in Table. 3. b represents the width of each slice mirror.
We measured the cross talk R mc of some representative subpupils for each scenario. Besides, the light intensity variation among all the sub-pupils was also measured using relative standard deviations (RSD), which is calculated in a single sliced image under monochromatic flat-field source. The results are shown in Figure 3 .
The RSD of the novel one is lower than the original one. This means that the intensities of the sub-pupils are more similar to each other with the novel image mapper. Figure 4 shows the three measured representative sub-pupils for the two image mappers. The measured cross talk of the sub-pupils is shown in Figure 5 . From the results of the simulation, we find that the measured cross talk of the novel one is lower than that of the original one by about 30%-70% for all of the scenarios, which means that the novel design approach can reduce the cross talk significantly. As a result, the spectral and spatial aliasing information aliasing between adjacent sub-pupils decreases, which is useful for improving the data quality of the IMS.
VI. EXPERIMENTS
To show the advantages of the proposed method, two image mappers were fabricated. The width b of the image mapper VOLUME 6, 2018 Table. 4. Both image mappers have three blocks. The proposed novel one has 23 mirror facets in a block, while the original one has 25 mirror facets in a block. The two fabricated image mappers are shown in Figure 6 . The original one (Figure 6(a) ) has 25 mirrors in a periodical group, and the novel one ( Figure 6(b) ) has 23 mirrors. Figure 7 shows the test setup for the light intensity on the pupil array plane and the final image plane. The aperture stop diameter D ape = 3 mm. f 1 is 60 mm. f 2 is 50 mm, and f 3 is 15 mm.
The actual light intensity on the pupil array is obtained by the CCD detector (Vieworks VA-29M), which is shown in Figure 8 . We measured the RSD of both sub-pupils in Figure 8 , and the results are shown in Figure 9 .
We find that the experimental light intensity distribution RSD on the pupil array of the novel image mapper is lower than the original one, which proves the simulation results. To calculate the quantify of cross talk between the sub-pupils generated by the image mappers, a reimage lens should be placed behind the sub-pupil measured to form the subimage of the image mapper (as illustrated in Figure 7(c)(d) ). The focal length of L3 is 15 mm. The measured sub-pupils are sub-pupil #1 marked in Figure 4 (the cross talk is the most obvious). Figure 10(a) and (b) shows the results obtained for the two image mappers. The irradiance cross-section view of the middle mirror is displayed in Figure 10 (c). Since the cross talk causes the ''ghost image'' beside the sliced image, the effect of the cross talk is shown in the partial enlarged view. The estimated cross talk is calculated by the ratio of the areas under the cross-section profiles. The original one is calculated to be about 0.7%, and the novel one is below 0.2%.
We find that the experimental cross talk of the novel image mapper is much lower than the original one. Therefore, the proposed design method is effective for reducing the cross talk between the sub-pupils on the pupil array plane.
VII. CONCLUSION
In this paper, we proposed a novel design approach for an image mapper that reduces the cross talk between adjacent sub-pupils on the pupil array plane. Results obtained from simulations and experiments showed that the novel image mapper can decrease the cross talk by about 30%-70%, which is a clear improvement compared with the original image mapper. Above all, the proposed design approach effectively reduces the cross talk in practical systems. In summary, the spectral and spatial information aliasing between adjacent sub-pupils decreases, which implies that there is an improvement of the data quality of the IMS.
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APPENDIX
Here, we describe the derivation of the imaging model of the IMS [18] . As illustrated in Figure 1 , the whole derivation process is based on the scalar diffraction theory. First, the impulse response function (IRF) of the fore optics is expressed as,
where k = 2π/λ, P ape is the pupil function of the aperture stop, and is expressed by
Because the image mapper is placed on the image plane of the fore optics, the reflection function of the image mapper is [14] : 
where, α m and β m are the tilt angles of the No. m sliced mirror. θ is the angle between the normal of the image mapper and the optical axis of L1 [19] . The pupil array plane is on the rear focal plane of L2, such that a virtual aperture array is formed by the aperture stop and the reflection of the image mapper. The projection relationship between the virtual pupil array and the aperture stop is described by the followed formulas:
where, ξ m and η m are the central positions of sub-pupil No. m. Because the light wave plane of the pupil array is the Fourier transform of the first image plane [15] , the IRF on the pupil array is given by
The light intensity at wavelength λ on the object plane is represented by I o (x o , y o , λ) , and the light intensity of the pupil array is expressed as The prism array is placed on the pupil array plane, and the transfer function of the prism array is expressed as ϕ(n λ ) is the deflection angle between the primary ray from the prism at wavelength λ with the optical axis. ϕ(n λ ) = arcsin n λ sin A − arcsin sin(A/2) n λ − A 2 ,
where n λ is the reflective index of the wavelength λ, which can be calculated by the Sellmeier formula [20] . (16) 
